Abstract A Chinese hamster ovary (CHO) cell line, producing recombinant secreted human placental alkaline phosphatase (SEAP) was investigated under three different culture conditions (suspension cells, cells attached to Cytodex 3 and Cytopore 1 microcarriers) in a biphasic culture mode using a temperature shift to mild hypothermic conditions (33°C) in a fed-batch bioreactor. The cell viability in both the suspension and the Cytodex 3 cultures was maintained for significantly longer periods under hypothermic conditions than in the single-temperature cultures, leading to higher integrated viable cell densities. For all culture conditions, the specific productivity of SEAP increased after the temperature reduction; the specific productivities of the microcarrier cultures increased approximately threefold while the specific productivity of the suspension culture increased nearly eightfold. The glucose and glutamine consumption rates and lactate and ammonia production rates were significantly lowered after the temperature reduction, as were the yields of lactate from glucose. However, the yield of ammonia from glutamine increased in response to the temperature shift.
Introduction
With the increase in demand for therapeutic proteins and the shortage of reactor capacity for mammalian cell cultures, there have been numerous efforts to increase the production of recombinant therapeutic proteins. Strategies to improve productivity include developing and screening better cell lines, engineering cellular metabolism (Seth et al. 2006) , applying environmental stresses such as hyperosmolarity (Chua et al. 1994) , and optimization of process conditions (Trummer et al. 2006a, b) . Mild hypothermia has been reported as a simple way to improve the production of recombinant therapeutic proteins in mammalian cell cultures (Furukawa and Ohsuye 1998) . The benefits of mild hypothermia include improved cell viability, reduced cell lysis from dead cells, reduced nutrient consumption rates, and often, improved productivity (Yoon et al. 2003; Trummer et al. 2006a) . Despite the potential usefulness of mild hypothermia, there are significant limitations including G 0 /G 1 arrest (Moore et al. 1997) and suppression of the cell growth, leading to low volumetric productivity. Biphasic culture, in which cells are cultivated at 37°C until they reach the maximum viable cell density, followed by a reduction in temperature to prolong cell longevity, presents a possible strategy to alleviate the disadvantages of hypothermia. Biphasic cultures have demonstrated a higher volumetric productivity and final product titer in several studies (Bollati-Fogolin et al. 2005; Rodriguez et al. 2005; Trummer et al. 2006b ).
Microcarrier culture presents another opportunity to increase culture and volumetric productivity. Microcarriers permit high-cell density cultures, by providing high cell surface/volume ratios; moreover, microcarrier culture simplifies supernatant clarification facilitating downstream processing. Microcarriers are particularly effective for perfusion cultures. Currently, microcarrier cultures are used extensively for viral vaccine production (Junker et al. 1992; Mendonça et al. 1993; Berry et al. 1999; Percheson et al. 1999; Doi et al. 2001; Frazzati-Gallina et al. 2001; Sugawara et al. 2002; Wu and Huang 2002; Choi et al. 2003; Kallel et al. 2003) , primarily using VERO cells, although other cells lines such as MRC-5 are also used. Microcarriers have also been investigated for production of recombinant therapeutics using either Chinese hamster ovary (CHO) (Kong et al. 1998; Kong et al. 1999a, b; Xiao et al. 1999; Hu et al. 2000; Wang et al. 2002; Landauer et al. 2003) or baby hamster kidney (BHK) (Schmid et al. 1992; Kallel et al. 2003) cells. Recently, Tharmalingam and coworkers found that a biphasic temperature shift increased the productivity for interferon-b produced in CHO cells grown on macroporous microcarriers as well, as decreasing the aggregation (Tharmalingam et al. 2008) . Moreover, they found that in comparison with suspension cultures at 37°C, both microcarrier culture and temperature reduction increased productivity in a synergistic manner. However, it is well established that these effects are often cell-line specific.
We have previously explored the effects of microcarrier cultures on growth and productivity for fed-batch cultures of CHO cells producing recombinant proteins at a single temperature (Nam et al. 2007) . In this paper, we investigated the effects of a mild temperature reduction on growth, metabolic activity, and productivity of secreted human placental alkaline phosphatase (SEAP) for CHO cell cultures in suspension and attached to both solid and macroporous microcarriers. The results of our studies stand in sharp contrast to those of Tharmalingam et al. as we found that microcarrier cultures exhibited lower productivities than suspension cultures and that the beneficial effects of temperature reduction were substantially reduced in microcarrier cultures as compared to suspension cultures.
Materials and methods
Cell line and culture conditions CHO cell line TR2-255, producing secreted human placental alkaline phosphatase (SEAP), was derived from CHO-K1 in a similar manner as the C142 cell line described previously (Ermonval et al. 1997) . Briefly, 3 9 10 6 CHO-K1 cells in a suspension containing a mixture of 1 lg pSV2Neo (coding for neomycin resistance), 20 lg pBC12RSVSEAP (coding for SEAP), and 20 lg pKCK d (coding for the murine MHC class I molecule) were electroporated at 280 V and 960 lF (average time 11 ls). Adherent cells were allowed to recover for 48 h and then plated in selective medium under clonal limiting dilution conditions (10 4 cells per well in 96-wellmicroplates). TR2-255 expressed SEAP, but not the murine MHC class I molecule. The TR2-255 cell line was adapted to the protein-free medium, HyQ SFM4CHO-Utility (Hyclone, Logan, UT). HyQ SFM4CHO-Utility was used for all culture conditions. Cells were grown under three different culture conditions, suspension culture and cultures attached to two different microcarriers, Cytodex 3 and Cytopore 1. All cultures were performed in a fed-batch culture mode in a Biostat B bioreactor (Sartorius BBI systems, Bethlehem, PA). Cytodex 3 (GE Healthcare, NJ) is a non-porous, surface-type microcarrier which consists of a surface layer of denatured collagen covalently bound to a matrix of cross-linked dextran. Cytopore 1 (GE Healthcare, NJ) is a macroporous microcarrier composed of cross-linked cotton cellulose with positively charged N, N-diethylaminoethyl (DEAE) groups on the surface.
Inoculation and bioreactor operating conditions
Fed-batch cultures were performed in a 2 L Biostat B bioreactor with a 1 L working volume. Exponentially growing cells were inoculated at *2 9 10 5 cells/mL into the bioreactor. A marine impeller was used for stirring. The stirring speed was set at 70 rpm for suspension cultures. For microcarrier cultures, cells were intermittently (1 min out of every 30 min) stirred at 30 rpm for *12 h after inoculation followed by continuous stirring at 30 rpm for another *12 h to facilitate the cells' attachment to the microcarriers. Subsequently, the stirring rate was increased to 100 rpm for Cytodex 3 cultures and 70 rpm for Cytopore 1 cultures for the duration of the experiment. The temperature was controlled at 37°C until the end of the exponential growth phase, then changed to 33°C during the stationary phase, and maintained at 33°C until the end of the culture.
The dissolved oxygen (DO) level was set to 50% of air saturation and controlled by a PID controller. Oxygen was provided via surface aeration where oxygen-enriched air was supplied to the headspace of the reactor. The pH was maintained at 7.2 ± 0.05 using PID control with intermittent supply of CO 2 and 1 M NaOH. Concentrated glucose (100 g/L) and glutamine (10 g/L) were added intermittently to maintain the concentration of glucose between 2.0 and 2.5 g/L and the concentration of glutamine between 0.2 and 0.25 g/L.
Microcarriers were prepared according to the manufacturer's protocol. Microcarriers were swollen and hydrated in PBS (Ca 2? and Mg 2? free, pH 7.4) overnight. After hydration, the PBS was removed and replaced with fresh PBS (50 mL/g microcarriers) and the microcarriers were sterilized by autoclaving at 121°C for 20 min. Prior to use, the PBS was removed aseptically, and the sterilized microcarriers were pre-conditioned with the protein-free medium (HyQ SFM4CHO-Utility) overnight at 4°C.
The glass bioreactor culture vessel was siliconized before each microcarrier culture using Sigmacote (Sigma, St. Louis, MO) according to the manufacturer's protocol to prevent the absorptive losses of microcarriers.
Determination of cell concentration and cell viability
Duplicate 2 mL samples were taken from the bioreactor twice daily to determine cell density and viability. After removing an aliquot for cell enumeration, the remaining sample was centrifuged for 2 min at 16,000 g, and the supernatant was stored at -20°C for later analysis. For Cytodex 3 cultures, cells were trypsinized before cell counting. Briefly, 1 mL of each sample was collected and allowed to settle by gravity. The supernatant was aspirated and the microcarriers were washed with 1.5 mL of Ca 2? and Mg 2? -free PBS. When the microcarriers had settled, the PBS was replaced by 1 mL of 0.05% (w/v) HyQ-trypsin-EDTA solution (Hyclone, Rogan, Utah) and incubated at 37°C for 15 min with mild vortexing every 5 min.
For suspension and Cytodex 3 cultures, cell densities and viabilities were estimated by hemacytometer counts (Hausser Scientific, PA) after diluting 1:1 with 0.4% trypan blue solution (ICN Biomedicals, OH). As it was not possible to quantitatively remove all the cells from the microporous Cytopore 1 microcarriers by trypsinization, the total cell number was determined by counting the nuclei after crystal violet treatment. One milliliter of suspended Cytopore 1 microcarriers with cells attached was placed in a 1.5 mL microcentrifuge tube. The microcarriers were allowed to settle by gravity and the supernatant was aspirated and PBS was added. Cytopore 1 microcarriers were allowed to settle again, and the PBS was aspirated. A solution of 0.1 M citric acid and 0.1% crystal violet was added to a final volume of 1 mL. The solution was incubated at 37°C overnight to remove the nuclei from the microcarrier beads. After vortexing, the nuclei were then counted on a hemacytometer.
All cultures were terminated when the viability dropped below 60% except for the Cytopore 1 culture for which the viability could not be determined; it was arbitrarily terminated at *203 h.
Assay for SEAP activity
For SEAP activity measurement, 50 lL of the supernatant from each sample described above was incubated at 65°C for 10 min to remove any endogenous alkaline phosphatase activity. The SEAP activity was determined by measuring the hydrolysis of p-nitrophenyl phosphate in 0.1 M Tris, 0.1 M NaCl, 50 mM MgCl 2 (pH 9.5) at 405 nm using a Genesis 6 spectrophotometer (Thermo Spectronic, Rochester, NY). The DA 405 /min was converted to SEAP units per milliliter using a standard curve prepared with human placental alkaline phosphatase (Sigma).
Measurement of metabolic activities
Glucose, glutamine and lactate concentrations were measured using an YSI 2700 biochemical analyzer (Yellow Springs Instruments, Yellow Springs, OH). Ammonia concentrations were measured using the pHoenix ammonia gas-sensing electrode (pHoenix Electrode Co., Houston, Texas). One milliliter of sample was diluted with water to a final volume of 10 mL. About 100 lL of 10 M NaOH was added into the sample just before the measurement to convert the ammonium ion in the sample to ammonia by changing the pH. The ammonia electrode was connected to an Accumet pH meter (Fisher Scientific, NJ). The electrode was immersed in the stirred sample, covered with Parafilm to prevent ammonia release. The voltage signal (mV) was recorded and was converted to ammonia concentration (moles/L) using a standard curve made by serial dilution of 0.1 M NH 4 Cl (10 -1 -10 -6 M).
Calculation of specific growth, productivity, and metabolic rates
The specific growth rate (l) was calculated by plotting the logarithm of the viable cell density versus culture time during the exponential growth phase, based on the equations according to Pirt (1985) ;
where x is viable cell density (cells/mL). The volumetric productivity was calculated by dividing the accumulated SEAP activity by the corresponding culture time.
The specific production rate (q SEAP ) was calculated as the slope of a plot of SEAP activity versus the time integral of viable cells R X v dt À Á during the culture period (Buntemeyer et al. 1991) ;
where SEAP(t) and SEAP(t 0 ) are SEAP activity at time t and t 0 , respectively and
Xvdt is the integral of X v (viable cell number) between t and t 0 .
The specific consumption or production rates of glucose (q Glc ), glutamine (q Gln ), lactate (q Lac ) and ammonia (q Amm ) were based on the data collected during the growth phase and evaluated from a plot of the substrate and product concentrations against the time integral of growth curve (Renard et al. 1988) . Yield (lactate/glucose) was calculated by dividing the specific production rate (lactate) by the specific consumption rate (glucose). Yield (ammonia/glutamine) was calculated by dividing the specific production rate (ammonia) by the specific consumption rate (glutamine).
Results

Growth characteristics of SEAP-producing CHO cells under different culture conditions
The cell line TR2-255, producing recombinant SEAP, was investigated in a biphasic culture mode using mild hypothermia for three different culture conditions, suspension, attached to Cytodex 3 microcarriers, and attached to Cytopore 1 microcarriers. Initially, CHO cells were grown at 37°C. Once the cultures reached their maximum viable cell density and entered into the stationary phase, the culture temperature was reduced to 33°C, without changing any other operating conditions.
In this study, the culture temperature was reduced to 33°C at *95 h for suspension culture and at *133 h for microcarrier cultures. In the biphasic culture mode, the viabilities of the suspension and Cytodex 3 cultures were significantly extended compared to the respective single-temperature cultures ( Fig. 1; Table 1 ). As observed previously (Nam et al. 2007 ), the suspension culture reached a higher maximum viable cell density and showed a slightly higher specific growth rate than the other cultures (Table 1 ). The Cytodex 3 culture remained viable longer than the suspension culture; however, the maximum viable cell density in the Cytodex 3 culture was lower than in the suspension culture, yielding a lower final integrated viable cell density (Table 1) . For the Cytopore 1 culture, the culture was arbitrarily terminated at 203 h. As viable cell density measurements could not be performed, the integrated viable cell density was approximated from the total cell density. The Cytopore 1 culture showed the lowest maximum cell density among the cultures (Table 1) .
Productivities of SEAP-producing CHO cells under different culture conditions
As in the single-temperature cultures, both Cytodex 3 and Cytopore 1 microcarrier cultures showed much lower maximum accumulated SEAP activity than the suspension culture (Fig. 2) . The suspension culture showed the highest specific productivity; followed by the Cytodex 3 culture and the Cytopore 1 culture (Table 1) . In all biphasic cultures, maximum accumulated SEAP activities, volumetric and specific SEAP productivities were improved compared to the respective single-temperature cultures although the effect was much smaller for Cytopore 1 cultures ( Fig. 3; Table 1 ). Overall, all biphasic cultures outperformed the single-temperature cultures for SEAP production. The improved SEAP production in the biphasic cultures was due to the combined effects of extended viability and increased specific productivity due to the low temperature shift (Table 1) . Biphasic microcarrier cultures underperformed the suspension cultures as in the singletemperature cultures. This was due to both lower maximum viable cell densities and lower specific productivities (Table 1) .
Metabolic activities of SEAP-producing CHO cells under different culture conditions
As described in ''Materials and methods'', the cultures were intermittently fed glucose and glutamine to delay the onset of apoptosis. Figure 4 shows changes in metabolic activities of CHO cells in response to the temperature shift under the different culture conditions. As in the single-temperature cultures, the glucose and glutamine consumption rates of the Cytodex 3 culture were higher than the other cultures before the temperature reduction (Table 2) . After the temperature shift, the glucose consumption rates were significantly lowered in all three culture conditions (Table 2) , with the suspension culture having a slightly higher consumption rate for Cytopore 1 culture, the time is termination time f Data based on the total cell density than the microcarrier cultures. All of the singletemperature cultures showed a reduction in glucose consumption when the cells entered stationary phase (data not shown); however, the responses of the biphasic cultures to the temperature shift cannot be explained simply by the transition from exponential to stationary phase. When the glucose consumption rates of the biphasic cultures (after the temperature shift) were compared with the consumption rates in the stationary phase of corresponding single-temperature experiments, the suspension cultures showed a moderate increase, the Cytodex 3 cultures a moderate decrease, and the Cytopore 1 cultures were largely unchanged (data not shown). All of the cultures showed a substantial decrease in glutamine consumption rate upon temperature reduction; however, the relative consumption rates changed dramatically between the different cultures. In contrast to the changes in glucose consumption, the specific glutamine consumption rates, which were somewhat higher in the microcarrier cultures before the shift, were dramatically higher in the microcarrier cultures, with the Cytopore 1 culture exhibiting the highest specific consumption rate. When compared with the stationary phase of the single-temperature experiments (all of which showed a decrease in glutamine consumption rate upon entering stationary phase), the suspension cultures showed a dramatic decrease in glutamine consumption rate, the Cytodex 3 cultures, a slight decrease in glutamine consumption rate, and the Cytopore 1 cultures, a slight increase in glutamine consumption rate (data not shown). The lactate and ammonia production rates showed similar trends as the glucose and glutamine consumption rates. After the temperature reduction, the lactate and ammonia production rates were also significantly decreased in all cultures compared to the rates before the temperature shift (Table 2) . A similar decrease was also seen in the single-temperature cultures when they entered stationary phase (data not shown). Before the temperature shift, the yields of lactate from glucose in the suspension culture were lower than in the other cultures. After the temperature shift, the Cytopore 1 culture showed a lower yield of lactate from glucose than the suspension and Cytodex 3 cultures (Table 2) ; however, in all cases the yields of lactate from glucose were lower in the biphasic cultures (after the temperature shift) than in the stationary phase of the corresponding single-temperature cultures (data not shown). The yields of ammonia from glutamine in the suspension and Cytopore 1 cultures showed similar values while Cytodex 3 culture showed a slightly lower value before the temperature shift. After the temperature shift, the Cytodex 3 culture showed a slightly higher value than the other cultures (Table 2 ). There was no clear trend when comparing the yields of ammonia in the biphasic cultures with the corresponding yields in the stationary phases of the single-temperatures; some increased and some decreased. In general, the yields of lactate from glucose decreased after the temperature switch, while the yields of ammonia from glutamine increased.
Discussion
The growth, production and metabolic activities of SEAP-producing CHO cells under three different culture conditions (suspension, Cytodex 3, Cytopore 1) were investigated under biphasic hypothermic conditions. The suspension and the Cytodex 3 culture remained viable for a significantly longer period in the biphasic cultures than in the single-temperature cultures, leading to higher integrated cell densities. Moore and coworkers reported that low temperature culture leads to growth arrest in the G 0 /G 1 phase of the cell cycle and delays the onset of apoptosis (Moore et al. 1997 ). Slikker and co-workers reported that hypothermia enhanced expression of the antiapoptosis protein, bcl-2, and protected against oxidative stress-induced cell death in CHO cells by increasing the activity of anti-oxidant enzyme, glutathione peroxidase (GSH-Px) (Slikker et al. 2001) . Some or all of these mechanisms may play a role in the extended viability of the cell lines in this study.
Mild hypothermia has been reported to increase the specific productivity of a number of recombinant proteins (Furukawa and Ohsuye 1998; Kaufmann et al. 1999; Hendrick et al. 2001; Ducommun et al. 2002; Yoon et al. 2003; Fox et al. 2004 ). In our studies, the specific productivity of SEAP at 33°C was higher than the productivity before the temperature shift or the productivity of the singletemperature culture, regardless of culture condition (i.e., suspension or microcarrier). However, the specific productivity of the microcarrier cultures increased approximately threefold while the specific productivity of the suspension culture increased nearly eightfold. This is a significant difference from the results of Tharmalingam and coworkers, who found a twofold increase in productivity of interferon-b upon temperature reduction in suspension culture and a 2.3-fold increase in productivity in microcarrier culture (Tharmalingam et al. 2008) . Some of the differences are most likely due to the different protein products (SEAP vs. interferon-b) , while other differences may be due to the timing of the temperature shift. In our studies, the temperature shift was applied as the cells entered stationary phase, while Tharmalingam et al. applied their temperature shift at 2 days after inoculation, while the cells were still in the exponential growth phase. In addition, our studies were performed in fed-batch culture while their studies were performed in batch culture, potentially causing differences in nutrient availability. Moreover, the feeding strategy allowed for the accumulation of ammonia which was particularly significant in the microcarrier cultures. This ammonia accumulation may have had a detrimental effect on the protein production. In a similar study performed with CHO cells producing tissue plasminogen activator (t-PA), we found that the temperature shift led to a complete cessation of t-PA productivity when performed in late exponential phase, further reinforcing the effects of both protein product and culture conditions on the utility of temperature reduction (data not shown).
As other investigators have reported (Reuveny et al. 1986; Borth et al. 1992; Weidemann et al. 1994; Furukawa and Ohsuye 1998) , glucose and glutamine consumption rates and lactate and ammonia production rates decreased after the temperature switch, in all culture conditions. Before the temperature shift, the Cytodex 3 microcarrier culture exhibited higher nutrient consumption than the suspension culture, as in the single-temperature cultures. However, those trends were different after applying the mild hypothermia, suggesting that the metabolic responses of CHO cells to mild hypothermia were culture-condition dependent. All cultures showed a decrease in the yield of lactate from glucose with temperature reduction. However, there was an increased yield of ammonia from glutamine.
Conclusion
While a biphasic temperature shift increased specific productivity in all three culture conditions, suspension and attached to both solid and macroporous microcarriers, the effects were much more pronounced in the suspension cultures. Similarly, the biphasic temperature shift had the most beneficial effect on the integrated viable cell density (IVCD) for suspension cultures, leading to the greatest total enhancement in productivity in suspension cultures. Other investigators have reported different results, reinforcing the view that the beneficial effects of temperature reduction are cell-line and protein-product specific. Moreover, we have recently observed that temperature reduction can significantly alter the glycan profiles for glycoproteins produced from mammalian cell cultures (Nam et al. 2008) , clearly indicating that more research is necessary to understand the fundamental physiological changes that occur during temperature reduction, particularly in the protein processing and post-translational pathways, to most effectively employ temperature reduction to improve overall productivity.
